We compute the threshold uncertainties due to unknown masses of the Higgs bosons on the predictions for the intermediate and unification scales, M I and M U respectively in SO(10) models.We focus on models with separate breaking scales for Parity and SU(2) R symmetries since they provide a natural realization of the seesaw mechanism for neutrino masses. For the two step symmetry breaking chains ,where left-right symmetric gauge groups appear at the intermediate scale, we find that parity invariance of the theory at the unification scale drastically reduces the GUT threshold effects in some cases. Including the effects of the intermediate scale thresholds ,we compute the uncertainty in the above mass scales and study their implications for proton lifetime and neutrino masses. An important outcome of our analysis is that if the currently favored nonadiabatic MSW solution to the solar neutrino puzzle is accepted , it will rule out the SU(2) L XSU(2) R XU(1) B−L XSU(3) c as an intermediate symmetry for SO(10) breaking whereas the intermediate symmetry Supersymmetric SU(5) theories have been studied with the goal of predicting the scale of supersymmetry breaking 5 .These models however donot have any room for a nonzero neutrino mass nor natural generation of adequate baryon asymmetry,whereas, the SO(10) model is the minimal GUT scheme that provides a frame-work for a proper understanding both these problems.In this paper,we concentrate on the SO(10) models with a two step breaking to the standard model and study the threshold effects on the predictions for the two new mass scales i.e. M U and M I .In order to appreciate the significance of our work, it is worth pointing out that in SO (10) Let us discuss the kind of SO(10) models we will study here. As is wellknown,the SO(10) group contains the maximal subgroup SU(2) L XSU(2) R XSU(4) c xD, D being a Z 2 symmetry which implements the parity transformation(as well as particle-antiparticle transformation). We will refer to this symmetry as D-parity. The actual nature of SO (10) One of the attractive features of the SO(10) models is that they provide a natural understanding of the neutrino masses via the see-saw mechanism 8 .It has however been noted that, the see-saw mass matrix does not follow naturally in models where D-parity and SU(2) R breaking scales (M R ) are same. On the other hand,if the Dparity breaking scale M P is such that M P ≫ M R then the see-saw formula emerges naturally 9 . This is perhaps the most compelling motivation for requiring the Dparity breaking scale to be significantly larger than M R .There are however other motivations from cosmology.If M P =M R , there arise domain walls bounded by strings
I.Introduction:
The grandunified theories 1 (GUTs)provide an elegant extension of physics beyond the standard model.The requirement that the gauge couplings constants in these theories become equal at the GUT scale (M U ) lends them a predictive power which makes it possible to test them in experiments such as those looking for the decay of the proton.The most predictive such theory is the minimal SU(5) model of Georgi and Glashow 1 ,where the SU(5) symmetry breaks in one step to the standard model.The only new mass scale in this model is the M U which can be determined by the unification requirement using the low energy values of any two gauge couplings from the standard model.One then predicts not only M U , but also the remaining low energy gauge coupling constant (say sin 2 θ W ).It is well known that for the minimal SU (5) model,they lead to predictions for the proton life-time as well as sin 2 θ W both of which are inconsistent with experiments.
This however does not invalidate the idea of grandunification and attention has rightly been focussed on SO(10) 2 GUT models which can accomodate more than one new mass scale. Supersymmetric SU(5) 3 models also belong to this class. In this class of two mass scale thoeories,the values of low energy gauge coupling constants can determine both the mass scales again making these theories experimentally testable.The determination of the values of the new mass scales become more precise as the low energy values of the gauge coupling constants become better known.It is therefore not surprising that the recent high precision measurement of α strong and sin 2 θ W at LEP 4 once again revived interest in grandunified theories 5 .
Supersymmetric SU(5) theories have been studied with the goal of predicting the scale of supersymmetry breaking 5 .These models however donot have any room for a nonzero neutrino mass nor natural generation of adequate baryon asymmetry,whereas, the SO(10) model is the minimal GUT scheme that provides a frame-work for a proper understanding both these problems.In this paper,we concentrate on the SO(10) models with a two step breaking to the standard model and study the threshold effects on the predictions for the two new mass scales i.e. M U and M I .In order to appreciate the significance of our work, it is worth pointing out that in SO (10) Let us discuss the kind of SO(10) models we will study here. As is wellknown,the SO(10) group contains the maximal subgroup SU(2) L XSU(2) R XSU(4) c xD, D being a Z 2 symmetry which implements the parity transformation(as well as particle-antiparticle transformation). We will refer to this symmetry as D-parity. One of the attractive features of the SO(10) models is that they provide a natural understanding of the neutrino masses via the see-saw mechanism 8 .It has however been noted that, the see-saw mass matrix does not follow naturally in models where D-parity and SU(2) R breaking scales (M R ) are same. On the other hand,if the Dparity breaking scale M P is such that M P ≫ M R then the see-saw formula emerges naturally 9 . This is perhaps the most compelling motivation for requiring the Dparity breaking scale to be significantly larger than M R .There are however other motivations from cosmology.If M P =M R , there arise domain walls bounded by strings at the epoch when SU(2) R XD symmetry breaks down .They dominate the mass density of the universe making it hard to understand the successes of the big bang picture.Such problems do not arise in SO(10) models with separate D-parity breaking scenerios.Furthermore, exact D-parity leads to n B = nB.In SO(10) models where the baryon asymmetry of the universe arises from Higgs boson decays, the ratio n B /n γ receives an additional suppression (M P /M U ) 2 on top of its small value predicted in generic GUT models.This mechanism would prefer scenerios with D-parity breaking scale to be above that of SU (2) allow the scalar boson masses to be a factor of 10 on either side of the symmetry breaking scale. We also present results for a wider splitting of (30) ±1 for illustration even though we believe this to be rather unlikely.
We consider the symmetry breaking chains: 
II.The Formula for the Threshold Corrections : model (A):
Let us now proceed to derive the equations for the threshold uncertainties.We will illustrate the technique for the model(A). We start with the standard renormalization group equations for the evolution of the gauge coupling constants:
and the one loop coefficient
,where n g is the number of fermion generations and T(s) is the contribution of the Higgs bosons.
The b ij are the two loop coefficients,which are not needed here. At each symmetry breaking threshold,we use the following maching conditions 14 : (we assume that the group G I breaks to the group G i at the scale M I )
In eq. (2), λ Let us now apply the formulae in eq. (1) and (2) Using eq(1) and (2) and the standard Georgi-Quinn-Weinberg type analysis,we find the following expressions for sin 2 θ W and α s :
where
In the above expressions, a i ,a They will be used in the numerical estimates of the various effects. Using eq (3) and (4), we can express the mass scales M C and M U in terms of the low energy 7 parameters and the threshold contributions.The uncertainties in the low energy parameters are experimental and can be estimated to be small as we show.The threshold contributions buried in the λ's intrduce the theoretical uncertainty having to do with the fact that the heavy Higgs masses are unknown.
Let us first address the uncertainties due to the experimental errors in sin 2 θ W and α s which we take 16 as:
Denoting by C 0 = 16π αem ) and
), we get
(∆ln
Using eq. (3) and (4) 
We will find that these uncertainties are small compared to those arising from unknown masses of heavy higgs bosons,thanks to precision experiments from LEP
Again using eq. (3) and (4) and the expressions for A,B,F and G, we can derive the following expressions for the uncertainties in M U and M C arising from threshold effects only:
and
where 
III. Survival Hypothesis and Estmation of the Threshold Uncertainties:
In order to give a numerical estimate of these uncertainties,we need to know the The U-submultiplet is the Goldstone mode corresponding to the superheavy Gauge bosons and are omitted in computing the threshold uncertainties.
Let us now give their contributions to the various λ U 's and to final uncertainties.Defining η i = (ln
), we find:
Here,we have assumed that M Σ L = M Σ R by left-right symmetry.Similarly,ζ 1 and ζ 2 effects are combined and denoted by ζ.The coefficients in front of the different η's are simply the Dynkin indices of the different multiplets under the different gauge groups.For instance,for η 2L ,the Dynkin index is that of the gauge group SU(2) etc.
Repeating the similar procedure for the intermediate scale,we find the contribution to λ C 's to be as follows:
The threshold contributions to ∆ln(
) and ∆ln(
In deriving eq (16) and (17),we have assumed that the Higgs multiplets belonging to a single SO(10) supermultiplet have the same mass at a given scale 18 . This implies that η ζ 0 = η S = η 126 , η Σ = η ζ and all η R i are equal. While there can be deviations from this degeneracy assumption,their contributions will not change our results noticeably.Secondly,we allow the e η 's to be between (1/10)and (10) as well as 1/30 and 30. The first case corresponds to allowing the Higgs self-scalar couplings to range from 10 −2 to 10 2 times the gauge coupling and is better motivated by the analogy of standard model than the second choice, although,we present the results for both cases. As mentioned above the value of M ∆ L is always kept lower than M U ,which corresponds to taking β less than one.Using eq (16) and (17) 
IV.Threshold Corrections for Model (B):
Let us now turn our attention to discussing model(B),where the SO (10) (8) and (9),(except that we replace M C by M R in eq (9)),we give the expressions for the various f's and A's below. Defining
In order to evaluate the threshold corrections,we need the values of gauge coupling evolution coefficients a i 's as well the mass scales of the physical Higgs bosons.
We have a 
Using eq (18) and (19) and the values of a i 's,we get for the threshold contribution to the uncertainties in M U and M R the following expressions:
In order to evaluate the possible uncertainties,as before we keep β less than one
and allow e η to vary between .1 to 10 in one case and 1/30 to 30 in the second case.The results are given in table III.WE see that in this case the threshold uncertainties are much less than in model (A). The maximal uncertainty in
−.3 whereas that in
This has
We also wish to note at this point the uncertainties in M U and M R arising from the errors in α s and sin 2 θ W : Using the same formula as in eq (6) and (7), we find for model (B):
V.Solar Neutrino Puzzle and SO (10):
In this section,we study the implications of the results derived in this paper for solar neutrino puzzle.As is well known,one of the most interesting resolutions of the solar neutrino deficit is the so called MSW matter oscillation mechanism 20 .In this mechanism,resonant enhancement of the oscillation of ν e to either ν µ or ν τ takes place in the solar core for a range of values of the ∆m 2 and the mixing angle θ. .This leads to a direct mass for all left-handed neutrinos of the same order invalidating the conventional see-saw mechanism formulae.If however,the D-parity is broken at the GUT scale,the ∆ L vev becomes only of order
which is smaller than the see-saw contribution to the neutrino masses.
After the radiative corrections are taken into account 25 ,the formulae for neutrino masses are:(assuming generation mixings to be small)
In order to find the neutrino masses,we need to know M N which is given by We see that if the adiabatic solution is ruled out as is currently believed,then model(B) will be ruled out by the solar neutrino experiments and only model(A) will be acceptable. This is an important result in our opinion since there are no other uncertainties one can hide behind to save this model.
VI.Higgs Boson Related Uncertainty in Proton Decay and Stability of the Threshold calculations:
In this section ,we discuss two questions:i)the uncertainty in the predictions for proton decay and ii) the effect of adding extra Higgs bosons to a GUT theory on the above calculations.First, we discuss the predictions for proton in the two SO (10) models under discussion.Again using the results of ref.10 and 27 we find that for α s = .11,the value of M U = 10 15.8 GeV. The uncertainty in α s ,leads to an uncertainty of order 10 ±.22 (see eq (8) and (22) Table IV .Higgs bosons with masses of order M U . Table I SO ( 
